The global phase diagram ͑i.e., vapor-liquid and fluid-solid equilibrium͒ of two-center Lennard-Jones ͑2CLJ͒ model molecules of bond length Lϭ has been determined by computer simulation. The vapor-liquid equilibrium conditions are obtained using the Gibbs ensemble Monte Carlo method and by performing isobaric-isothermal NPT calculations at zero pressure. In the case of the solid phase, two close-packed solid structures are considered: In the first structure, the molecules are located in layers and all molecular axes point in the same direction; and in the second structure, the atoms form a close-packed arrangement but the molecular axes of the diatomic molecules have random orientations. It is shown that at the vapor-liquid-solid triple-point temperature, the orientationally disordered solid is the stable structure for the solid phase of this model. The vapor-liquid-disordered solid triple-point temperature of the 2CLJ model, with bond length Lϭ, is located at T*ϭ0.650(4). This is very close to the triple-point temperature of the Lennard-Jones monomer system (T*ϭ0.687). At very low temperatures, the ordered solid is the stable phase. The vapor-ordered solid-disordered solid triple point is situated at T*ϭ0.282. The simulation data are compared to Wertheim's first-order thermodynamic perturbation theory ͑TPT1͒ for the fluid and solid phases. It is found that Wertheim's TPT1 not only provides an accurate description of the equation of state in both the fluid and solid phases, but also provides accurate values of the free energies. The prediction of Wertheim's TPT1 for the global phase diagram of the 2CLJ model shows excellent agreement with the simulation results, illustrating the possibility of using Wertheim's perturbation theory to determine not only the vapor-liquid equilibria but also the global phase diagram of simple chain model molecules.
I. INTRODUCTION
Since the initial computer simulations in the 1950's, a considerable amount of work has been devoted to the determination of the phase diagrams of model molecular systems. The calculation, by means of computer simulation, of the phase diagrams of the hard-sphere 1,2 and Lennard-Jones monomer systems 3 have played an important role in improving our understanding of the states of matter. In the last twenty years, the phase diagrams of a number of model systems ͑including solid and liquid-crystalline phases͒ have been obtained by using computer simulation. For example, studies have been carried out for hard ellipsoids, 4 hard spherocylinders, 5 hard cut spheres, 6 hard dumbbells, [7] [8] [9] quadrupolar hard dumbbells, 10 fully flexible hard chains, 11, 12 hard charged spheres, [13] [14] [15] Gay-Berne molecules, 16, 17 and simple point charge model water molecules. 18 The calculation of the complete phase diagram of a proposed model system can now be carried out within a reasonable amount of time due to the increased speed of modern computers. However, brute force computational power is not the only key to the success of simulation studies; much credit is due to the development of simulation techniques for the determination of phase equilibria. These techniques are the Gibbs ensemble Monte Carlo 19 and the NPTϩtest particle methods, 20 which are very useful in determining the vaporliquid equilibria, the Gibbs-Duhem integration method, ͑a͒ Obtaining the vapor-liquid equilibria using the Gibbs ensemble Monte Carlo technique ͑or the NPTϩtest particle method͒, and determining the orthobaric densities at low pressures by carrying out NPT simulations at zero pressure. ͑b͒ Determining the equation of state ͑EOS͒ of the solid for one isotherm using the Rahman-Parrinello technique ͑or one of its Monte Carlo counterparts͒, and performing free-energy calculations in the equilibrium unit cell using Einstein-crystal calculations. ͑c͒ Performing a Gibbs-Duhem integration to obtain the complete fluid-solid equilibrium curve.
These are the steps that have been followed in the determination of the global phase diagram of model two-center Lennard-Jones ͑2CLJ͒ molecules studied in this work. Following the success of the Lennard-Jones ͑LJ͒ intermolecular potential as a model for atomic fluids, one of the simplest molecular models that can be proposed is the 2CLJ. This model consists of two LJ centers with potential parameters ⑀ and separated from one another by a reduced bond length of L*ϭL/. The vapor-liquid equilibria of 2CLJ model molecules with different values of L* has been studied by a number of authors, 26 -30 and has been the subject of interest in a large number of theoretical studies. [31] [32] [33] [34] [35] Somewhat surprisingly, the fluid-solid equilibria has not been considered in detail, the only exception being the work of Lisal and Vacek 36 who have determined the global phase diagram ͑vapor-liquid-solid͒ for a 2CLJ system with L*ϭ0.67 by molecular-dynamics computer simulations and using the Gibbs-Duhem integration method.
In terms of theoretical developments in the field of perturbation theory and equations of state of complex fluids, in the 1980's Wertheim [37] [38] [39] [40] presented a series of seminal papers developing a theory for associating fluids. It has since been shown that when the association strength becomes infinitely strong, chains can be formed from a fluid of associating monomers, 41, 42 thus, an EOS for a chain composed of freely jointed tangent monomers can be derived solely using the thermodynamic information of the monomer reference fluid. In the simplest implementation of the theory, known as first-order thermodynamic perturbation theory ͑TPT1͒, the only information required to build an approximate EOS for the chain fluid is the EOS and the pair correlation function of the monomer fluid at contact. Although Wertheim's formalism was originally aimed at the study of hard chains, it was soon realized that it could also be applied to LJ chains. [43] [44] [45] [46] [47] Recently, we have explored the possibility of furthering the usefulness of Wertheim's TPT1 by applying it to the solid phase. Vega and MacDowell 48 have shown that Wertheim's TPT1 can be employed in the treatment of the solid phase for freely jointed hard-sphere chain molecules, obtaining excellent agreement with the simulation results of Malanoski and Monson. 11 This work has been extended by Blas et al. 49 to deal with fully flexible hard-chain molecules with segmentsegment attractive interactions treated at the mean-field level of van der Waals. Similar results have also been obtained in two dimensions. 50 Encouraged by these findings, we have extended Wertheim's TPT1 to model the solid phase of LJ chains, 51 and have been able to show that the approach provides a good description of the EOS and good results for the internal energy of the solid phase of LJ tangent dimers ͑2CLJ with L*ϭ1). It is important to note that Wertheim's TPT1 can only be used to describe chains formed by ''tangent'' spheres ͑i.e., those with reduced bond lengths L*ϭ1). Since Wertheim's TPT1 can provide an accurate description of the EOS of the 2CLJ model with L*ϭ1 in the fluid and solid phases, it is natural to wonder whether it could be used to describe the global phase diagram of the 2CLJ model. It is important to mention at this stage that an accurate EOS for the solid phase does not necessarily guarantee the correct prediction of the fluid-solid equilibria, as the theoretical approach must also provide good estimates for the free energies in the solid phase. In this work, we determine the phase diagram of the 2CLJ model ͑with L*ϭ1) using computer simulations, and we compare the phase diagram obtained in this way with that obtained using Wertheim's TPT1.
The study of the solid phases of 2CLJ model molecules implies that a number of structures should be considered. While a system of LJ monomers freezes into a face-centeredcubic ͑fcc͒ close-packed arrangement, in the case of 2CLJ molecules with L*ϭ1, it is possible to construct, based on the closed-packed configuration of the LJ monomer solid, a number of distinct solid structures. Vega, Paras, and Monson 8 have presented several structures of this type for hard diatomic ͑hard dumbbell͒ molecules; each of the arrangements are possible configurations for 2CLJ molecules. In these structures, the molecules are located in layers, and the molecular axes of all the molecules in a layer point in the same direction. In the particular case of the so-called closedpacked 1 ͑CP1͒ structure, the molecular axes of each of the molecules in each of the layers point in the same direction. In the present work, the CP1 configuration is considered as one of the possible solid structures of the 2CLJ tangent model. This CP1 solid structure will be denoted as the ordered solid. It was found in Ref. 8 that the differences between the free energies of different ordered solid structures were small, indicating that the CP1 is a good representative of these ordered structures. However, it is unlikely that ordered structures correspond to the stable solid phase for the 2CLJ tangent model. Wojciechowski, and co-workers 52, 53 were the first to suggest that for L*ϭ1, it is possible to build a solid structure where the atoms follow an fcc close-packed arrangement, but where the bonds are randomly located within the solid, with no long-range orientational order between the bond vectors. We also consider this structure in this work and denote it the disordered solid. In fact, Wojciechowski et al. 52, 53 have shown that the stable solid structure of tangent hard-disk dimers in two dimensions is formed by a close-packed arrangement of atoms with a disordered arrangement of bonds. The same idea holds true for hard chains in three dimensions, 11 and one may expect that the same would occur for a three-dimensional 2CLJ tangent dimer. In this work, it will be shown that the disordered solid is the stable solid structure for most thermodynamic conditions ͑with the exception of very low temperatures͒.
This article is organized as follows: In Sec. II, the extension of Wertheim's theory to model solid phases of LJ chains is described, in Sec. III, we provide details of the computer simulations performed in this work, in Sec. IV, the results are presented, and in Sec. V, conclusions are discussed.
II. BRIEF DESCRIPTION OF WERTHEIM'S PERTURBATION THEORY
It is now well known that Wertheim's TPT1 can be used to describe the properties of LJ chains in the fluid phase. 54 This was first suggested by Chapman, 43 and later confirmed by Johnson et al. 45 The possibility of extending Wertheim's TPT1 to treat solid phases has only recently been explored. 48 
We denote Eqs. ͑1͒-͑3͒ as Wertheim's TPT1 theory.
It is useful to note here that the arguments used to derive Eqs. ͑1͒-͑3͒ make no special mention of the actual nature of the phase considered, 48, 57, 58 thus, this approach can be used to describe both fluid and solid phases. In such a case, all that is needed in order to obtain a unified theory for the global phase equilibria of chain molecules is the residual free energy, compressibility factor, and pair correlation function of the monomer system both in the fluid and solid phases. Johnson et al. 44, 45 have provided values of the free energy and structural properties ͓i.e., g 45 for the fluid phase; the coefficients of the polynomial can be found in Ref. 51 .
III. SIMULATION DETAILS
In this work, we consider diatomic LJ model molecules formed by two identical LJ sites ͑monomers͒ with a bond distance Lϭ, where is the diameter of the LJ monomer ͑i.e., the monomers are tangential͒. We shall refer to the model molecules as 2CLJ tangent. The pair interaction between a pair of molecules is given by
where r i j is the distance between site ͑monomer͒ i of molecule 1 and site j of molecule 2. In order to determine the global phase diagram of the 2CLJ tangent molecules, we have used various simulation techniques. Before describing the details of each technique, it is useful to note that in all the simulations performed, the site-site LJ pair potential was truncated at r c ϭ2.5, and long-range corrections were added to all the computed thermodynamic properties ͑inter-nal energy, pressure, and chemical potential͒ by assuming that the site-site pair correlation function is equal to unity beyond the cutoff. 60 A cycle is defined as a trial move per particle, and a trial volume change. In the case of the Gibbs ensemble simulations, a cycle also includes N ex attempts to exchange particles between the boxes. Throughout this work,
and U*ϭU/(N⑀).

A. Vapor-liquid equilibria
The vapor-liquid equilibria of the 2CLJ model has already been considered by a number of authors. Using Gibbs ensemble simulations, Dubey et al. 26 have obtained the vapor-liquid equilibria of the 2CLJ model system for several bond lengths, including L*ϭ1. More recently, Stoll et al. 28 have studied the vapor-liquid transitions for this model using the NPTϩtest particle method. In the latter work, special emphasis was placed on the accurate determination of the critical properties of the system; however, in order to compare this with our theoretical calculations, which incorporate the description of the solid phase as well as the fluid phases, we also have an interest in locating the triple point of the 2CLJ model. In this way, computer simulation data of the vapor-liquid equilibria at lower temperatures than reported previously is needed.
We have obtained the vapor-liquid properties of the 2CLJ model fluid with L*ϭ1 using the standard Gibbs ensemble Monte Carlo simulation technique. At each temperature T*, an initial configuration is generated by first equilibrating two subsystems ͑each containing 500 molecules͒ at the given T*, and with initial vapor and liquid densities close to the expected coexistence values. Constant-volume NVT Monte Carlo simulations are carried out in this equilibration stage, which consisted of approximately 10 000-20 000 cycles. The resulting configurations are subsequently used as starting configurations for the Gibbs ensemble run, which consisted of 50 000 equilibration cycles and 50 000 cycles for collecting averages. The coexistence densities, internal energies, pressures, and chemical potentials for each of the temperatures considered are presented in Table I .
At low temperatures, the probability of transferring particles between the two subsystems becomes extremely low ͑of the order of 1.9ϫ10 Ϫ5 at T*ϭ1.0) and, therefore, the Gibbs ensemble technique was found impracticable for temperatures T*Ͻ1.0. As an ͑approximate͒ alternative, we performed a series of constant-pressure NPT Monte Carlo simulations of the liquid phase at P*ϭ0 for temperatures in the range T*р1.0. Given that the coexistence pressure at T* ϭ1.0 is P*ϭ0.000 59(3), this procedure is expected to yield reliable estimates of the liquid densities at coexistence. Obviously, the estimates improve as T* decreases. The corresponding results are included in Table II . It is important to note that even in the most unfavorable case (T*ϭ1.0), the resulting liquid density obtained with these NPT simulations ͓ ᐉ *ϭ0.4058(14)͔ compares well with the value ᐉ * ϭ0.4061(12) obtained using the Gibbs ensemble technique.
As well as determining the location of the triple point, it (5) is useful to consider the location of the critical point resulting from our Gibbs ensemble calculations. The critical temperature T c and density c are obtained using the simulation results for the vapor and liquid coexistence densities and the relations
where ᐉ * and v * are the liquid and vapor coexistence densities at temperature T*, A, B, and C are constants, and ␤ is the corresponding critical exponent; a value ␤ϭ1/3 was assumed here. The critical pressure P c * is obtained using the relation ln P*ϭaϩbT*, ͑7͒
where P* is the saturation pressure at temperature T*, and a and b are constants.
B. The solid phases
The simulation details regarding the solid phase are similar to those of previous works, 8, 9, 51 and hence we discuss here only the main features.
As mentioned in Sec. I we have considered two solid structures: An ordered CP1 structure 8 and a disordered structure. In the case of the CP1 solid structure, Nϭ256 dimer molecules are arranged in four layers with 64 2CLJ molecules in each layer. Since the solid CP1 structure does not have cubic symmetry the Rahman-Parrinello 23 modification of the constant-pressure NPT Monte Carlo technique is used in order to allow for nonisotropic changes in the simulation box shape. 24 On the other hand, in the case of the disordered structure, an fcc close-packed arrangement of atoms with the molecular bonds randomly distributed 51 is generated. The number of molecules in the disordered solid was Nϭ432. Two different random structures were generated and the results reported here correspond to the average obtained over those different configurations. Since the distribution of bonds in the solid phase is isotropic, an isotropic scaling of the volume is performed in these NPT simulations.
The simulations were started at very high pressures where the density is close to the close-packing limit ͑no true close-packing can be defined when a soft potential such as the LJ is used, but the reduced number density of the hardsphere model at close packing can be used as a good starting point͒. After generating initial structures at the close-packing density, these were expanded to lower densities by performing NPT simulations at slowly decreasing pressures. A typical run of the solid phase involved 30 000 equilibration cycles followed by 30 000 cycles for obtaining equilibrium properties.
In order to determine the fluid-solid equilibrium, the free energy of the fluid and solid phases must be calculated. The residual free energy of the fluid phase A res can be obtained by thermodynamic integration,
Following Eq. ͑8͒, the free energies of the fluid phase at a temperature T*ϭ2 ͑supercritical temperature͒ were obtained via integration of the compressibility factor along the corresponding isotherm, while the free energies of the fluid phase at T*ϭ1 were obtained from those at T*ϭ2 integrating through isochores. In the case of the solid phase, the free energies can be calculated using the Einstein-crystal methodology. 25 The method used here is quite similar to the one described in previous works. 8, 10, 17 Translational and orientational springs are used, with a maximum value max ϭ20 000 for both springs ͑note, however, that the units are of k B T/ 2 for the translational spring and of k B T for the orientational spring͒. The free-energy calculations were performed at T*ϭ1 using ten different values of in the range 0р р max and, as before, the length of the runs for the freeenergy calculations was 30 000 equilibration cyclesϩ30 000 averaging cycles. In the case of the CP1 structure, it is important to mention that the shape of the equilibrium unit cell at a given density is slightly different from that of close packing; the free-energy calculations were carried out using the equilibrium unit cell at each density. The free energy for the disordered structures was evaluated by considering the average of two independent disordered configurations. The results of the free-energy calculations for both the CP1 structure and the disordered structures are given in Table III .
C. Gibbs-Duhem simulations
Once the free energies of the fluid and solid phases are known at a fixed temperature (T*ϭ1, in this work͒, the fluid-solid equilibrium can be determined by equating the pressures and chemical potentials of both phases. Results of the fluid-solid equilibrium at this temperature are reported in Table IV . In order to obtain the complete fluid-solid coexistence curve in a range of temperatures, the Gibbs-Duhem integration technique can be used. We have used a modified version of the Clausius equation
which can be written as
where ␤ϭ1/T, and ⌬h and ⌬v are the enthalpy and volume changes per particle between the fluid and solid phases, respectively. The integration of Eq. ͑10͒ requires an initial coexistence point ͑here, the fluid-solid equilibrium results at T*ϭ1 are used͒, a simple trapezoidal rule can then be used with a step ⌬␤. One assumes that for a certain temperature T 0 , the coexistence pressure P 0 is known, and that we wish to calculate the coexistence pressure P 1 for a temperature T 1 . An initial guess of P 1 is estimated as
A simulation is then carried out at temperature T 1 and pressure P 1,1 , and the right-hand side of Eq. ͑10͒ ͑i.e., the function f 1,1 ) is evaluated. A second guess for P 1 is given by
A simulation at temperature T 1 and pressure P 1,2 is carried out, and the right-hand side of Eq. ͑10͒ ͑i.e., the function f 1,2 ) evaluated. Similarly, a third guess for P 1 is
Finally, the estimate of the coexistence pressure P 1 corresponding to T 1 is obtained as
The length of the runs at each P 1,1 , P 1,2 , and P 1,3 were typically of 5000 equilibration cycles and 5000 averaging cycles. Once the coexistence pressure for a temperature is determined, runs of 30 000ϩ30 000 cycles are used to determine the equilibrium properties at coexistence. We have typically used a step ⌬3*ϭ⌬3⑀ϭ0.02 in the integration. The algorithm was checked by implementing this Gibbs-Duhem integration scheme to determine the fluid-solid equilibrium properties of a LJ monomer system; excellent agreement with previous results obtained by other authors was found. 59, 61 We estimate the uncertainty of our Gibbs-Duhem simulation results to be approximately 0.5%.
In the implementation of the Gibbs-Duhem method, we have carried out isotropic NPT simulations for the fluid phase, isotropic NPT simulations for the disordered solid structure, and nonisotropic NPT simulations for the ordered solid structure. The Gibbs-Duhem calculations were run on a dual Athlon XP2000 and a parallel version of the program was developed using OPENMP. In this way, the GibbsDuhem simulations were almost twice as fast as those undertaken on a single processor.
IV. RESULTS
First, we examine the vapor-liquid equilibria. In Table I , the results of the vapor-liquid Gibbs ensemble simulations can be seen and, in Table II , the NPT simulations at zero pressure are presented. The estimated critical properties of the 2CLJ fluid obtained using the computer simulation data in this work are T c *ϭ1.784(7), c *ϭ0.144(3), and P c * ϭ0.103 (13) . These results are in good agreement with the previous estimates of Dubey et al. 26 (T c *ϭ1.78(1), and c * ϭ0.149(1)). In Figs. 1 and 2 , the vapor-liquid coexistence densities and the vapor pressure curve obtained from our simulations and from Wertheim's TPT1 are presented, respectively. The results of Dubey et al. 26 are also included for comparison. As expected, Wertheim's TPT1 provides a very good description of the vapor-liquid coexistence properties ͑densities and pressures͒ of the 2CLJ model fluid.
Let us now focus on the properties of the solid phase. In Sec. II, we provided the main expressions of the EOS of the 2CLJ model in the solid phase following the TPT1 framework of Wertheim; the equation was presented in a previous work, 51 and additional details can be found therein. The free energies of the solid phases obtained by computer simulation in this work are presented in Table III . As mentioned earlier, TABLE IV. Fluid-solid coexistence properties obtained using the GibbsDuhem integration scheme for the 2CLJ model system with L*ϭ1. The solid structure corresponds to that of the disordered solid. The initial equilibrium point for the Gibbs-Duhem integration was a state at T*ϭ1 and P*ϭ4. 37 . Two Gibbs-Duhem integration series were performed starting from the state at T*ϭ1, the first one was extended to higher temperatures and the second one to lower temperatures. The equilibrium state at T*ϭ2 with the asterisk was obtained from the Einstein-crystal calculations presented in Table III . f * and s * are the fluid and solid densities at fluid-solid coexistence, respectively.
in the case of the disordered solid structure, the results correspond to the average of two independent disordered configurations. In Table III , the calculated free energies using Wertheim's TPT1 have also been included. It can be seen that the theoretical approach provides accurate predictions of the free energy of the disordered solid. It is important to note here that, in order to obtain the free energy of the disordered solid, the contribution of the degeneracy entropy must be added to the free energy obtained from the Einstein-crystal calculations. This is due to the fact that this method provides the free energy associated with a given solid configuration and, therefore, the degeneracy entropy must be added to account for the number of ways of organizing a disordered solid configuration. In the case of dimer molecules on an fcc lattice, the estimation of the number of ways of arranging the configuration is known as the ''dimer problem.'' Nagle 62 proposed an accurate estimate of the degeneracy entropy giving A/(Nk B T)ϭϪ1.5194. It is clear from Table III that, for a given density, the free energy of the disordered solid is lower than that of the ordered CP1 solid, meaning that the stable solid structure for the 2CLJ model corresponds to the disordered solid and not to the ordered CP1 solid. This was first shown in a two-dimensional hard-disk dimer system by Wojciechowski et al.; 52, 53 our results indicate that the same conclusion holds true in the case of a three-dimensional 2CLJ solid. It is important to note, however, that ͑stable͒ disordered structures are not possible for values of L* significantly different from unity. For values of L* less than 1, the stable solid phase is expected to exhibit an ordered structure; i.e., the singular nature of the model with L*ϭ1 makes the existence of the disordered solid possible.
Once the free energy of the solid is known, it is possible to determine the fluid-solid equilibrium for a given temperature. The equilibrium pressure corresponding to a temperature T*ϭ1 is found to be P*ϭ4.37. This coexistence point can then be used as the starting point for the Gibbs-Duhem integration. Representative coexistence points obtained using the Gibbs-Duhem integration method are presented in Table  IV . In Fig. 3 , the temperature-density projection of the global ͑solid-liquid-vapor͒ phase diagram for a 2CLJ model system is shown, and in Fig. 4 , the pressure-temperature projection is presented. The triple-point temperature, estimated using the simulation results of this work, is found to be T t *ϭ0.650(4). This temperature is found both by extrapolating the fluid-solid coexistence pressure to zero ͑the pressure at the triple point is expected to be very close to zero͒, and by finding the temperature at which the density of the fluid at zero pressure becomes identical to that of the fluid at the fluid-solid coexistence curve. The corresponding coexistence densities at the triple point are f *ϭ0.462, and s *ϭ0.515. In Figs. 3 and 4 , the results obtained using the equations based on Wertheim's TPT1 are also included. It is clearly seen that the theory provides an accurate description of the coexistence properties of the 2CLJ model, including the fluid-solid equilibria. The theory predicts a triple point at T t *ϭ0.653, in excellent agreement with the simulation result. The triple-point temperature in a LJ monomer system predicted by the theory ͑i.e., mϭ1 here͒ is found to be T t * ϭ0.687, which is also in excellent agreement with the computer simulation estimate of Agrawal and Kofke 61 (T t * ϭ0.687). As can be seen, the triple-point temperature of the LJ dimer is 5% lower than that of the LJ monomer. The comparison can be seen more clearly in Fig. 5 , where the phase diagram of the monomer LJ and of the 2CLJ model systems are shown. Note that in the Fig. 5 , the density is expressed as the number of monomers per unit volume.
It is also useful to compare these results with those of the case in which the ordered structure of 2CLJ molecules is considered to be the stable phase. In Fig. 6 , the phase diagram in such a case is presented. Results for the fluidordered solid transition found from Gibbs-Duhem simulations are presented in Table V . The triple point in this case would be located at T t ϭ0.534 (5) . The lower stability of the ordered phase provokes a decrease in the triple-point temperature, shifting the fluid-solid equilibrium to higher densities. The triple-point temperature of the 2CLJ model system with L*ϭ0.67 has been determined by Lisal and TABLE V. Fluid-solid coexistence conditions obtained using the GibbsDuhem integration method for a 2CLJ model system with L*ϭ1. The solid structure corresponds to that of the ordered CP1 solid. The initial equilibrium point for the Gibbs-Duhem integration was a state at T*ϭ1 and P* ϭ11.10. The density at coexistence of the fluid is denoted as f * , whereas that of the solid is denoted as s * . 36 at T t *ϭ0.62 ͑in this case, the stable structure of the solid is the ordered one͒. When compared to the critical point, the ratio T t /T c in the system with L*ϭ0.67 takes a value T t /T c ϭ0.27, while for the model with L*ϭ1 this ratio takes a value T t /T c ϭ0.36 when the ͑stable͒ disordered structure is considered, and T t /T c ϭ0.30 when the ordered CP1 structure is assumed. These calculations show that for the ordered solid, the ratio T t /T c is roughly constant with a value of about 0.27, and slowly increases with L*. This conclusion holds for systems with bond lengths L*Ͼ0.4 ͑no plastic crystal phases are possible͒. 63 A marked difference is noted in comparison with the T t /T c ratio of the LJ monomer fluid (T t /T c ϭ0.687/1.31ϭ0.52). In summary, the triplepoint temperature is about 0.3 of the critical point in the case of 2CLJ fluids with L*Ͼ0.4, but it is 1/2 of the critical temperature in monomer LJ fluids. More work is needed to assess the variation of T t /T c with L*, especially in the range of small values of L* where plastic crystal phases are possible. However, the results of this work allow one to obtain a tentative value for the ratio T t /T c of 2CLJ models of varying L*. This is presented in Fig. 7 . The results of this work are in line with the predictions of the mean-field theory proposed by Paras et al. 63 Let us finish by discussing the phase behavior of the 2CLJ at very low temperatures. For the range of temperatures considered so far ͑above the triple point͒, the disordered solid phase was found to be the stable phase. However, it is not clear which is the stable solid phase at very low temperatures, since the ordered and disordered solids have different thermodynamic properties. The differences may be summarized as follows. For a certain temperature and density, the ordered solid has a slightly higher pressure, and a slightly lower internal energy, than the disordered solid. Zero-pressure densities of the ordered solid are slightly smaller than those of the disordered solid. The differences are small, but clearly visible. Simulations results for ordered and disordered solids were presented in tabular form in Ref. 51 and shall not be reproduced here. In order to evaluate the free energy of the ordered and disordered solid phases at low temperatures, we have performed NVT simulations of the solid phase at constant density *ϭ0.549 ͑using the equilibrium shape of the unit cell͒, starting at temperature T*ϭ1 and ending at T*ϭ0.20. Thermodynamic integration yields the following expression for the free energies of the solid phase along the isochore:
To perform the integral of Eq. ͑15͒, we have fitted the residual internal energy to the following expression:
The values of coefficients c 0 Ϫc 4 from Eq. ͑16͒, corresponding to the ordered solid, are Ϫ16.538, 2.3769, Ϫ0.074 064, Ϫ0.141 85, and 0.090 332, whereas those for the disordered solid are Ϫ16.223, 2.5488, Ϫ0.38 096, 0.271 78, and Ϫ0.116 38. The values of the free energy at the reference state defined by *ϭ0.549 and T*ϭ1 for the ordered and disordered solids were taken from Table III. It was found that the Helmholtz free energies of the ordered and disordered solids were identical for *ϭ0.549 and T* ϭ0.28. NPT simulations were performed for both the ordered and disordered solids at T*ϭ0.28, and the EOS and chemical potentials were evaluated for both types of solids. It was found that at low pressures, the ordered solid was more stable ͑lower chemical potential for a certain pressure͒ than the disordered solid. At high pressures, the disordered solid turns out to be the stable phase. We locate the firstorder phase transition between the ordered and the disordered solid phase at P*ϭ0.54 for T*ϭ0.28. Taking this state as the initial equilibrium point, Gibbs-Duhem integration was performed in order to evaluate the coexistence line between the ordered and the disordered solid. Results are presented in Table VI and Figs. 8 and 9. As can be seen, the ordered solid is indeed the stable phase at low temperatures and pressures. The vapor-ordered solid-disordered solid triple point is located at T*ϭ0.282, the densities of the ordered and disordered solids being o *ϭ0.5433 and d * ϭ0.5462, respectively. It is noticeable in Fig. 8 that the density jump between the two solid phases is small, and in Fig.9 that the slope of the ordered solid-disordered solid phase transition is negative. Using the Clapeyron relation, it can be shown that the negative slope follows from a negative value of ⌬v ͑the disordered solid has a higher density than the ordered one͒ and a positive value of ⌬h ͑the disordered solid has a higher enthalpy than the ordered solid͒. Is it possible to provide a simple explanation for the fact that the ordered solid is the stable phase at low temperatures? Notice that we are using classical statistical thermodynamics here ͑although for a real substance at such low temperatures, a quantum treatment would be required͒. The key issue is that for a certain density, the internal energy of the ordered solid is lower than that of the disordered solid. This is due to the fact that the ordered solid is noncubic and can distort ͑relax͒ the lattice parameters in an attempt to decrease the internal energy. The disordered solid cannot optimize the parameters of the unit cell since the distribution of bonds in the solid is isotropic. Notice that we are using anisotropic NPT Monte Carlo ͑Rahman-Parrinello type͒ for the ordered solid and isotropic NPT for the disordered solid. In the integrand of Eq. ͑15͒, the internal energy appears as divided by (1/T 2 ).
Therefore, the integrand becomes large at low temperatures and differences between ordered and disordered solids can be significant at low temperatures. In fact, this is exactly what happens. The lower internal energy of the ordered solid is able to compensate for the absence of the degeneracy entropy. This leads to the appearance of an small region of stability for the ordered solid in the phase diagram.
V. CONCLUSIONS
The global phase diagram of 2CLJ model molecules with L*ϭ1 has been determined by computer simulation. The vapor-liquid equilibria was obtained using Gibbs ensemble simulations and NPT simulations at zero pressure were used to determine the orthobaric densities at low temperatures. In terms of the fluid-solid equilibria, free-energy calculations at a given temperature and density were first carried out, and the equilibrium at the specified point was obtained. The Gibbs-Duhem integration method was then used to determine the complete fluid-solid coexistence curve. It is found that the equilibrium solid structure for the 2CLJ with L*ϭ1 corresponds to a disordered solid in which the atoms form an fcc lattice but the molecular bonds are oriented randomly within the lattice. The corresponding triple-point properties are found to be T t *ϭ0.650, f * ϭ0.462, and s *ϭ0.515. As was found for two-dimensional disk dimers and for fully flexible hard-sphere chains, the stable solid structure is a disordered one. This seems to be a general feature of fully flexible models of chain molecules formed by tangent monomers. Wojciechowski et al. 52, 53 suggested this possibility. Note, however, that the equilibrium solid structures in models with arbitrary values of L* are not expected to be disordered; it is likely that molecular systems with a bond length L* different from 1 will exhibit ordered structures as the stable solid phases. We have shown that Wertheim's TPT1 can be used to study both fluid and solid phases of chainlike LJ molecules. The theoretical approach provides not only an accurate EOS, but also accurate values of the free energies for both fluid and solid phases. As a result, we have been able to show the excellent agreement found between the computer simulation phase equilibrium data and the calculated phase diagram for the 2CLJ model system, including the vapor-liquid-solid triple point. This article validates the fact that Wertheim's TPT1 can be used to predict phase diagrams of fully flexible LJ chains as was first shown in Ref. 51 . By comparing the triple-point temperature T t of the 2CLJ with that of the monomer, it is found that the dimer system has a T t 5% lower than that of the monomer system. The fluid-solid equilibrium between the fluid and an ordered solid has also been obtained by means of computer simulations. In this case, the triple point is found at T t * ϭ0.534, which means that the ratio T t /T c ϭ0.30 for the ordered solid with L*ϭ1. Lisal and Vacek 36 evaluated this ratio for a system with L*ϭ0.67 obtaining T t /T c ϭ0. 27 . It seems that in 2CLJ systems, the ratio T t /T c slowly increases with L* in the region where the stable solid phase is ordered, i.e., 0.4рL*Ͻ1, as was predicted some time ago using a mean-field approach. 63 For the model considered here, the 2CLJ with L*ϭ1, the disordered solid was found to be the stable solid phase for most of thermodynamic conditions. However, it has been found that at very low temperatures ͑substantially below the triple point͒, the stable solid phase is an ordered solid. The lower internal energy of the ordered solid is able to compensate for the absence of the degeneracy entropy leading to the appearance of an small region of stability for the ordered solid. 
ACKNOWLEDGMENTS
